BACKGROUND: Several indirect arguments agree with the existence of a brown preadipocyte distinct from a white one. Nevertheless, to date, no molecular marker has been available to directly in vivo demonstrate this hypothesis. OBJECTIVE: The aim of this study was to find a gene expressed in brown preadipocyte but not in white and to use it as a molecular marker to analyse brown preadipocyte recruitment in different physiological and physiopathological situations. METHOD: Differential display was performed on stromal-vascular and adipocyte fractions of white and brown adipose tissues in rat. RESULTS: We identified a new gene, BUG, preferentially expressed in the stromal-vascular fraction of brown fat vs other adipose tissues fractions in adult rat. This RNA is also highly expressed in heart and, to a lesser extent, in other tissues such as kidney and brain. The BUG transcript is detected by in situ hybridization in putative preadipocytes within brown adipose tissue. Its level is transiently and specifically up-regulated during early stages of brown preadipocyte differentiation in a primary culture system, before the acquisition of late brown adipocyte phenotype. During development, BUG can be detected before the emergence of UCP-1 expression. In adult rats, BUG expression is inversely associated to brown adipose tissue (BAT) activation during cold exposure as well as in obese animals. CONCLUSIONS: The pattern of BUG expression agrees with an early divergence between brown and white adipocyte lineages. It also reveals the existence of a pool of committed brown preadipocytes within BAT that are recruited during cold exposure. BUG expression is increased in obese animals, suggesting that an early defect in brown preadipocyte differentiation could account for impaired BAT function in genetically obese rats.
Introduction
White and brown adipose tissues (WAT and BAT) assume quite opposite physiological functions. Their respective adipocytes have both lipolytic and lipogenic properties, but the main role of the white adipocyte is to store energy as triglycerides while the brown adipocyte is specialized in energy dissipation as heat. This basic difference is due to the presence in brown adipocytes mitochondria of a specific protein, UCP-1, which uncouples ATP production from the respiratory chain function. 1 Both types of adipocytes emerge from fibroblast-like precursors of mesenchymal origin. 2 These precursors are present within adipose tissues throughout lifetime. 3 -5 They are located in the stromal-vascular fraction (SVF), which can be isolated after collagenase digestion of the extracellular matrix of the tissue. These precursors can be differentiated in primary cultures, but the successive steps leading to adipocyte phenotype acquisition have been mainly studied in preadipocyte cell lines immortalized from mouse. 6, 7 Predipocytes can be characterized by the expression of early molecular markers, as A2COL6, pref-1 and FRP-2. 8 -10 During differentiation into adipocytes, this expression declines and genes coding for late markers like GPDH, aP2 or leptin are switched on. For a long time, UCP-1 was the single gene known to be specifically expressed in the brown adipocyte lineage. Its expression is considered to be a late differentiation event. Recently, PPAR-gamma coactivator-1 (PGC-1) has been cloned from HIB 1B transformed brown adipocytes. 11 It has been shown to control mitochondrial activity and biogenesis and could play a fundamental role in BAT activation. 12 It thus provides a new tool to characterize mature brown adipocytes vs white ones. Nevertheless, the time-course of PGC-1 expression and its emergence during brown adipocyte differentiation has not yet been elucidated. Different indirect observations support the hypothesis of an early divergence between white and brown adipocyte differentiation pathways. First, whatever the species, brown adipocytes generally emerge earlier and in different sites than white ones during development. 13 Secondly, the recruitment of adipocyte precursors in both types of adipose tissue is partly under the control of the autonomic nervous system, but in opposite ways: in rats, preadipocyte proliferation and differentiation are increased in surgically sympathetic denervated WAT, 14 whereas norepinephrine treatment strongly stimulates the development of preadipocytes in BAT. 15 Last but not least, precursor cells isolated from BAT are able, after growth arrest, to express UCP-1 but this is not the case for precursor cells isolated from WAT and cultured in the same conditions. 16, 17 Nevertheless, the existence of brown preadipocytes, with a specific gene expression pattern, has never been directly confirmed. The lack of molecular markers for this stage limits the knowledge on recruitment processes of adipocyte precursors in different physiological or pathophysiological situations.
Differential display is a powerful technique to identify new genes specifically expressed in a cell type. It has been successfully used to compare mRNAs patterns in 3T3-L1 preadipocytes and differentiated adipocytes, resulting in the cloning of genes whose expression is increased during the differentiation. 18, 19 Applying this technique to typically WAT and BAT in rats, we cloned a cDNA fragment corresponding to a transcript preferentially expressed in brown adipocyte precursor.
Methods

Animals
Nine-week-old female Wistar and Zücker rats were purchased from Iffa-Credo (France). They were maintained on a 12 h light=dark cycle, at 20 C, and had free access to water and standard food (UAR A04, Villemoisson=Orge, France). To induce brown fat, rats were kept at 4 C for cold exposure or injected intraperitonally with isoproterenol (0.5 mg=kg=day; Sigma, St Louis, MO) or the b3-adrenergic agonist CL316243 (1 mg=kg=day), as indicated. For developmental study, female Wistar rats were mated with adult male rats, a couple per cage for one night, and gestation was confirmed by palpation 2 weeks later. The mean number of pups per litter was 9 AE 1 (10 litters).
Adipose cells isolation
Adipose tissue fractions were obtained as previously described, 20, 21 with minor modifications. Brown interscapular and white inguinal fat pads from four to six rats were carefully dissected to remove adhering tissue, capillaries and WAT surrounding the interscapular brown deposit. They were digested separately at 37 C in oxygenated Krebs solution (pH 7.4) containing 20 mM HEPES, 3 mM glucose and 3.5% free fatty acid BSA, with 2 mg collagenase type II (Sigma) per gram of tissue, for 45 min under slow agitation (WAT), or 15 mg collagenase type II (Sigma) per gram of tissue, for 20 min under maximal agitation (BAT). Undigested tissue was then removed by filtering the suspension and floating mature adipocytes were separated from the infranatant, ie the SVF, which contains precursor cells. These cells were pelleted by centrifugation (20 min, 4 C, 500 g).
Total RNA extraction and Northern blot analysis Total RNAs were prepared from cell fractions or rats by the acidic guanidium isothiocyanate method. 22 Twenty micrograms of total RNAs were size fractionated on denaturing formaldehyde (1.1%) agarose gel (1.2%), transferred onto a GeneScreen membrane (NEN, Boston, MA) and UV crosslinked. The homogeneity of RNA amounts present in each lane was controlled by methylene blue staining. After prehybridization (2 h at 42 C in phosphate buffer 0.1 M pH 6.5, formamide 45%, SSC 4Â, SDS 0.1%, Denhardt 5Â, salmon sperm DNA 75 mg=ml), the membrane was hybridized at 42 C for 16 h in the same buffer (except that Denhardt was 1Â) containing the radiolabelled probe. The membrane was washed in SDS 0.1%=SSC 2Â -0.1Â solutions between 42 and 65 C, before being exposed on a Kodak X-OMAT AR film at 80 C.
Probes
Fifty nanograms of probes were radiolabelled with 2.5 mCi 24 and the 36B4 probe was a 750 bp PstI digest of the mouse 36B4 cDNA. 25 
Differential display
Our protocol was derived from the method published by Liang and Pardee. 26 To eliminate chromosomal DNA contamination, 10 mg of total RNA extracted from cell fractions were first treated with 10 U of DNAse I (Boehringer Mannheim, Germany) for 15 min at 37 C in Tris 1 mM pH 7. . Negative controls of the reverse transcription reaction were performed in the same conditions but without reverse transcriptase. A 2 ml aliquot of these reactions was used for cDNA amplification in a 20 ml reaction mix containing 10 mM Tris pH 9, 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton, 0.2 mg=ml BSA, 2.5 mM of each dNTP, 2.5 mM of the anchored primer used for the reverse transcription, 2.5 mM of arbitrary decamer, 1 U of Taq DNA Polymerase (Appligene, Illkrich, France) and 10 mCi a- C, for 40 cycles, followed by 5 min at 72 C and a 4 C hold. Samples were dried under vacuum and 5 ml of nondenaturant loading dye (0.5 M EDTA, 10% glycerol and 0.09% xylene cyanol=bromophenol blue) were added to each sample. The PCR products were separated onto a nondenaturing 6% acrylamide=bisacrylamide gel in 1ÂTBE (Tris 90 mM, boric acid 90 mM and EDTA 50 mM pH 8). Samples were loaded after a 5 min denaturation step at 95 C and the gel was run at 70 W. It was then dried onto a Whatman paper and exposed 16 h on a Kodak BioMax MR film at 4 C.
Recovery, cloning and sequencing of the cDNA The differential bands were excised from the differential display gel, and directly put in the same PCR reaction mix as described above, except for the concentrations of dNTPs (50 mM) and of the primers (0.2 mM). The PCR steps were exactly the same as for the differential display. The amplified fragments were purified using QIAquick PCR purification kit or QIAEX II Agarose Gel Extraction kit (both from QIAGEN). The purified cDNA fragments were cloned into the pGEM-T Easy vector (pGEM-T Vector System II, Promega, Madison, WI), according to the manufacturer's instructions. The inserts sequencing were carried out by the cycle-sequencing method using the ABI PRISM Ready Reaction Ampli Taq Dye Deoxy Terminator kit (Applied Biosystems, Foster City, CA) on an Applied 373 A sequencer. Homology searches were done in GeneBank EMBL DNA databases, using the BLAST search server at the National Center for Biotechnology Information.
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Histological analysis For in situ hybridization, the BUG cDNA-containing plasmid was linearized and used as template for antisense and sense digoxigenin (DIG)-labelled riboprobes synthesis according to manufacturer's instructions (DIG RNA Labelling kit, Boëh-ringer Mannheim, Germany). Rats were perfused in vivo with phosphate-buffered saline solution (PBS), 3.7% formaldehyde, tissues samples were taken, dehydrated and embedded in paraffin. Then 5 mm-thick sections were rehydrated through successive baths of ethanol and water. Cells from the brown SVF were attached to silanized slides by a cytospin and fixed in acetone at 720 C for 20 min. After 30 min in DEPC-treated PBS containing 0.1% active DEPC and an equilibration step of 15 min in SSC 5Â, both types of slides were prehybridized for 2 h at 58 C in 50% formamide, SSC 5Â, salmon sperm DNA 250 mg=ml. The hybridization was performed at 58 C for 16 h with 0.4 mg=ml DIG-labelled riboprobes in the same buffer (with salmon sperm DNA 40 g=ml). After incubation, slides were washed for 30 min in SSC 2Â (room temperature), 1 h in SSC 2Â at 65
C and 1 h in SSC 0.1Â at 65 C. DIG-labelled riboprobes were detected using the DIG wash and block buffer set from Boëhringer Mannheim, according to the manufacturer's instructions, with an anti-DIG-alkaline phosphatase conjugate (Boëhrin-ger Mannheim, Germany) associated to an anti-sheep -alkaline phosphatase conjugate (Sigma). These antibodies were used at 1:250 and 1:200 dilutions, respectively. The same types of slides were stained with an anti-A2COL6 antibody (dilution 1:200), revealed by an anti-rabbit immunoglobulin coupled with alcaline phosphatase (dilution 1:25). Enzyme activity was visualized by means of the substrate 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and the chromogen 4-nitro blue tetrazolium chloride (NBT), from Dako (Carpinteria, CA), before counterstaining with nuclear red.
Primary cultures
Preadipocytes were isolated from 10 five-week-old Wistar female rats (Iffa-Credo) and cultured as previously described. 28 After counting an aliquot stained with trypan blue, 100 mm culture dishes were inoculated with 450 000 cells. They were maintained at 37 C in a humidified 5% CO 2 atmosphere and rinsed twice with PBS, 4 h after inoculation. Twenty-four hours later, the cultured cells were placed in serum-free medium containing transferrin (1 mg=ml), T3 (3 nM) and insulin (21 nM for brown preadipocytes, 892 nM for white ones) (Sigma). Media were then changed every 2 days. After confluence, dexamethazone (Sigma) 100 nM (brown preadipocytes) or 33 nM (white preadipocytes) were added to this medium to induce the differentiation process. After washing with PBS and cell scrapping, total RNAs were extracted from plates by the acidic guanidium isothiocyanate method. 22 
Statistical analysis
Northern blot autoradiograms were scanned with a SI densitometer (Molecular Dynamics, Sunnyvale, CA) and signals were quantified using ImageQuant software (Molecular Cloning of BUG, a marker of brown preadipocyte K Moulin et al Dynamics). All statistical analyses were done by unpaired t-test, with Prism software (GraphPad software, San Diego, CA).
Results
Cloning of BUG RNA, a newly identified transcript preferentially expressed in the stromal-vascular fraction of rat brown adipose tissue Our differential display study concerned the RNA populations expressed in mature adipocytes and SVF isolated from the interscapular brown and the inguinal white fat pads.
Only nine primer pairs were tested for this analysis. Each differential display lane yielded around 50 discrete bands ranging from 100 to 600 bp, allowing about 600 different RNA species to be screened. Most of bands were similar in size between the different fractions compared. A small number (about 2%) appeared in only one of the four lanes, and were absent in the negative control of the reverse transcription. Figure 1A shows the example of a few bands, indicated by small arrows, which were present in the white adipocytes fraction but also appeared in the corresponding control lane, thus being false differential bands issued from contaminating genomic DNA. Display of RNA was duplicated using samples independently obtained from different animals and only the reproducible bands were selected for further analysis.
According to these criteria, a total of 10 bands were differentially detected in one fraction or another, but testing the corresponding fragments of cDNA on Northern blots with total RNAs revealed that five of them could not detect any transcript and four were false positives, detecting nondifferential transcripts. Only one cDNA fragment of 470 bp was differentially found in the brown SVF (large arrow on Figure 1A ). Using this cDNA fragment as a probe in Northern analysis, we detected a major RNA species at about 1.4 kb. Two other bands much less intense could also be detected, the most often seen sizing 0.6 kb. As these bands varied in the same way, we only quantified the major band in the following Northern blottings. The levels observed confirmed that this major RNA species was abundant in cell fractions isolated from brown fat but faintly detected in white ones ( Figure 1B ). The maximal content was clearly localized in the SVF from BAT compared to mature brown adipocytes and was also higher in white SVF than in white adipocytes, although this last difference was not significant. When comparing both SVFs, the level in the brown one was about 7-fold higher than in the white one ( Figure 1C ). The absence of contaminating mature adipocytes in both SVF was confirmed by the absence of aP2 and UCP-1 mRNA, two late markers of adipocyte differentiation ( Figure 1B) .
This pattern indicated that this RNA species was preferentially expressed in brown vs WAT and more abundant in the SVF of this tissue, ie the fraction containing adipocytes precursors. The sequence of the corresponding cDNA fragment was determined and homologous sequences were searched in GenBank 2 database using the BLAST tool. This analysis did not reveal any significant homology to previously reported sequences. The gene corresponding to the transcript revealed by this cDNA fragment was thus termed BUG (brown unknown gene).* The higher level of BUG transcript in BAT, compared to WAT, was confirmed in whole tissues. A representative Northern blot is shown in Figure 1D . The BUG transcript could be detected in different adult rat tissues. The highest expression was observed in BAT and heart. Nevertheless the level of expression in heart is significantly different from the one in BAT (79% of BAT level, P < 0.05, data not shown). The lower expression was observed in WAT, liver, spleen and muscle. No signal could be detected in mouse or rabbit tissues (data not shown). No difference according to sex in BUG expression was observed (data not shown).
Genome walking was performed to sequence DNA fragments around the primarily cloned cDNA. A 213 bp fragment, next to our first sequence in the 3 0 direction, was able to detect the BUG RNA on Northern blots. Its sequence was thus added to the one obtained by differential display and it revealed the existence of a poly-A tract inside the BUG cDNA sequence ( Figure 2) . None of the available programs could detect any consensus exon=intron limit within these 213 bp, and then the following DNA in 3 0 is negative on Northern blots. Numerous 5 0 -or 3 0 -RACE-PCRs attempts were carried out, ending in nothing but artefactual cDNA fragments that failed to detect the BUG RNA when used as probes on Northern blots. We thus pursued genome walking: each new DNA fragment obtained was cloned, sequenced, submitted to databases and used as a probe on Northern blots. Within 14 kb obtained by this means, no DNA fragment could reveal BUG RNA. Having more than 470 bp, ie more than one-third of the entire BUG RNA sequence, we searched for ORFs. Figure 2 shows that there are numerous dispersed stop codons in all reading frames, resulting in a maximal length ORF of 242 bp.
Determination of the BUG expressing cell type in interscapular BAT Interscapular BAT sections and brown SVF isolated cells were both used for in situ hybridization with sense and antisense riboprobes corresponding to BUG RNA and for immunostaining with an anti-A2COL6 antibody. Representative views are shown in Figure 2 . Mature brown adipocytes, with their numerous lipid droplets, are clearly recognizable on these sections ( Figure 3A -D) . Cell nuclei are pink-coloured by the counterstaining. In situ hybridization experiments gave a positive purple signal in very small cells dispersed within the tissue with the antisense riboprobe ( Figure 3A and C), but not with the sense one ( Figure 3B ). The positive cells on these sections, designated by yellow arrows, were round in *The nucelotide sequence for the brown unknown gene (BUG) partial cDNA has been deposited in the GenBank accession no. AF 247002.
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To avoid morphological deformations due to dehydration of the samples, separated cells from the brown SVF were attached to slides by a centrifugation process and subjected to the same hybridization experiment. Figure 3E Cloning of BUG, a marker of brown preadipocyte K Moulin et al Changes in BUG transcript level during brown adipocyte in vitro differentiation Precursor cells contained in the SVF isolated from interscapular BAT were differentiated in primary culture. They reached confluence (ie growth arrest, indicated as 'C') around 5 days after the beginning of the culture and then started to differentiate and to accumulate lipids. Seven days after confluence, they showed the same multilocular appearance as mature brown adipocytes in vivo. The differentiation process was confirmed by aP2 and UCP-1 mRNA emergence, reaching a maximum at the end of the culture ( Figure 4A , upper panel). A 2.5-fold increase was observed in the BUG transcript content from confluence to 3 days after growth arrest ( Figure 4A, upper panel) . Then the level significantly decreased in differentiated cells (P < 0.01), to values similar to those observed around confluence. A similar pattern was observed for A2COL6 mRNA ( Figure 4A, upper panel) . In white preadipocyte primary culture, no change in the very Cloning of BUG, a marker of brown preadipocyte K Moulin et al faint BUG expression was observed ( Figure 4A , lower panel). As previously suspected by Northern blotting with mouse tissues, BUG RNA could not be detected in mouse HIB1B transformed brown preadipocyte cell line (data not shown).
Changes in BUG transcript level in BAT in physiological and pathophysiological situations In rats, the interscapular depot development takes place during late foetal life, to be fully differentiated in the days following birth. 29, 30 As described in the literature, we found that UCP-1 mRNA was induced at day 20 of the gestation and that its level suddenly increased at birth ( Figure 4B ). The BUG transcript appeared much earlier as it was already detectable at a low level in interscapular BAT of 18-day-old foetuses ( Figure 4B ). It first increased at day 20 of gestation (2-fold) and then 2 days after birth (2-fold). It is noteworthy that no variation in BUG level was observed in the liver (data not shown). One week after birth, both UCP-1 and BUG transcript levels were slightly diminished. Figure 4 Specific evolution of BUG transcript during brown preadipocytes differentiation in vitro and in vivo. (A) Changes of BUG transcript level in primary cultures of brown and white SVF of rats. Cells of the stromalvascular fractions separated from interscapular brown and inguinal white fat pads of 10 rats were seeded and proliferated during 4 -5 days, till confluence (day 'C'), followed by differentiation. Culture dishes were scraped at different times for total RNA extraction. Northern blots were performed and successively hybridized with probes corresponding to BUG, A2COL6, aP2, UCP-1 and 36B4 transcripts. Results of quantification are expressed as percentage of BUG or other transcripts levels, normalized to 36B4, and relative to final values observed for each culture. Results are the mean of at least three independent cultures. **Significantly different from the BUG (upper panel) or the A2COL6 (lower panel) maximal value at P < 0.01. (B) Developmental pattern of UCP-1 and BUG transcripts levels in interscapular BAT during the perinatal period. On days 18, 19 and 20 of gestation, foetuses were delivered by rapid hysterectomy. Interscapular brown adipose tissues were removed from foetuses, newborns or 2-, 4-or 7-day-old suckling pups and frozen at 7 80 C for total RNA extraction. Each lane on the Northern blot shown corresponds to 20 mg of total RNA obtained from all the pups of one litter, except for 18-and 19-day-old foetuses where 3 and 2 litters were pooled. Methylene blue staining of 18S ribosomal RNA is shown. Figure 5 (A) Effects of cold exposure on BUG and UCP-1 transcripts levels. Rats were housed at 4 C, 2 per cage, for 5 days. After sacrifice at different times, brown interscapular fat pad was removed and frozen at 7 80 C for total RNA extraction. Northern blots were performed using 20 mg of total RNA per lane and successively hybridized with probes corresponding to UCP-1 (upper panel) and BUG (lower panel) transcripts. RNA levels were quantified and expressed relative to RNA content in control animals (day 0, ie before cold exposure). Results are expressed as the mean obtained on at least 4 animals per point. (B) Effects of adrenergic stimulation on BUG and UCP-1 transcripts levels. 18 rats (6 per group) were injected daily intraperitonally for 5 days with NaCl (CTL group), CL316243 1 mg=kg=day (CL group) or isoproterenol 0.5 mg=kg=day (ISO group) and killed 24 h after the last injection. BAT was removed and directly frozen at 7 80 C for total RNA extraction. Northern blot was performed using 20 mg of total RNA per lane and successively hybridized with probes corresponding to BUG and UCP-1 transcripts. RNA levels were quantified and expressed relative to RNA content in control group (100%). (C) Comparison of BUG transcript levels in interscapular fat pads of lean and obese Zücker rats. Total RNAs were isolated from interscapular brown adipose tissue from five lean (Fa=?) and 11 obese (fa=fa) 9-week-old female Zücker rats. Northern blots were performed using 20 mg of total RNA per lane and successively hybridized with probes corresponding to BUG and UCP-1 transcripts. RNA levels were quantified and are expressed relative to RNA content in lean group (100%). *Significantly different from the control value at P < 0.05; **P < 0.01; ***P < 0.001.
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Cold exposure is known to stimulate thermogenesis and hyperplasia in interscapular BAT. 31 Rats were exposed to a temperature of 4 C for 5 days. A 4-fold induction of UCP-1 mRNA occurred in the interscapular BAT after only 10 h of cold exposure, then the level fell and remained around 2-fold higher than in the control ( Figure 5A, upper panel) . Concerning BUG transcript level, a marked decrease from 10 h of cold exposure was observed, reaching a 1.6-fold reduction at day 5 ( Figure 5A, lower panel) . A significant effect of cold exposure on BUG expression was observed neither in the inguinal fat pad nor in the heart of these animals (data not shown).
In Figure 5B , the 2-fold increase in UCP-1 transcript level in interscapular BAT induced by 5 days of cold exposure was reproduced by daily injections of CL316243 or of isoproterenol, a b3-and non-specific adrenoreceptor agonist, respectively. In contrast, these treatments had no effect on BUG transcript level in interscapular BAT.
Obesity is associated with effects on BAT morphology, physiology and UCP-1 content opposite to those of cold exposure.
32 Figure 5C shows a 3-fold reduction in UCP-1 mRNA level in interscapular BAT of obese Zücker rats (fa=fa) compared to lean ones (Fa=?). On the contrary, BUG transcript level was significantly higher in obese than in lean rats (1.6 AE 0.2-fold increase, P < 0.05).
Discussion
The differential display allows the direct comparison of RNA populations expressed in several samples of cells or tissues. 26 Tissue fractions separated from adipose tissues represented a challenge but were the best way to find molecular markers able to identify putative brown or white adipocytes precursors in vivo. The in vivo approach is relevant to investigate the existence of two distinct preadipocytes and their respective involvement in adipose tissue development. The choice of the most homogeneous white and brown adipose depots was important to work on adipocytes and precursors clearly belonging to one or the other adipocyte lineage. We had previously demonstrated that, in rats, the interscapular and the inguinal fat pads are two subcutaneous depots typically brown and white, respectively. 33 These two adipose tissues were thus chosen to apply the differential display technique on their respective SVF and mature adipocyte fractions.
One transcript (BUG) was confirmed to be differentially and highly expressed in the brown SVF by Northern blot experiment. It was also detected in mature brown adipocyte fraction, where this BUG residual presence could be due to a contamination by stromal-vascular cells during the separation of the fractions.
When cells of the brown SVF were used in primary culture and induced to differentiate into brown adipocytes, the BUG transcript was transiently induced in a differentiation-dependent manner during the first steps of the differentiation program leading to the brown adipocyte phenotype. This pattern of expression is similar to the one of A2COL6, considered as a marker of the early steps of brown and white adipocyte differentiation pathways. 8, 34 Moreover, histology experiments demonstrated that both transcripts are expressed in vivo in cells that have the morphology of immature cells. The pattern of expression of BUG during brown adipocyte differentiation process is associated with the brown fat lineage specificity. Indeed, no similar change can be observed in primary culture of white SVF cells. BUG could therefore be considered as an early and transiently expressed marker of the brown differentiation pathway. Other genes are known to be either specifically expressed in preadipocytes vs mature adipocytes in both lineages (pref-1, FRP-2) or specific to brown fat cells in their late differentiation stages (PGC-1, UCP-1).
1,9 -11 To our knowledge, BUG is the first gene identified that combines early expression with the brown lineage specificity, thus definitively establishing in vivo the existence of a brown preadipocyte different from a white one. The divergence between both lineages takes place before BUG expression.
During development, the interscapular BAT depot can be macroscopically visualized at 18 days of gestation in rodents. 29 UCP-1 mRNA appears at 19 days of gestation and suddenly increases at birth. 30 In comparison, BUG transcript was already present in foetuses before the detection of UCP-1, as in primary culture. This suggests that the divergence between white and brown preadipocytes takes place at the very beginning of BAT development. The increase of BUG RNA level during the perinatal period could correspond to the successive recruitment of brown precursors before birth and during the days following it, when the BAT reaches its full development. 35, 36 In adults, it is well established that cold exposure and obesity represent opposite situations leading to activation or inhibition of BAT, respectively, as determined by changes in UCP-1 content. 32, 37, 38 Interestingly, BUG transcript level in BAT was inversely regulated in these two opposite situations, with a 60% decrease at 5 days of cold exposure, and a 60% increase in obese compared to lean Zücker rats. This regulation is specific to BAT. Indeed, change was observed neither in WAT nor in heart, in spite of the strong level of expression observed in this last tissue. The novelty of BUG resides in this regulation, compared to other known genes implicated in BAT activation (UCP-1, PGC-1), that are classically up-regulated during cold adaptation and down-regulated in obesity. 11, 32 Precursor cells in BAT are known to undergo proliferation during the first week of cold exposure and give rise to new mature brown adipocytes between 4 and 16 days after the beginning of cold stimulation. 31, 39, 40 In similar conditions, the decrease in BUG transcript level implies that this RNA is not located in precursor cells induced to proliferate under this stimulus. Moreover, the observed variation is progressive compared to the UCP-1 one. This is not in favour of a rapid regulation of BUG gene by BAT inducers and agrees with the absence of effect of badrenergic agonists. The decrease of BUG transcript level could be explained by the differentiation of latent brown Cloning of BUG, a marker of brown preadipocyte K Moulin et al preadipocytes strongly expressing it into mature adipocytes with reduced BUG expression. This implies that, in adults, a population of precursor cells in the interscapular BAT are blocked in a state of differentiation different from the white one and just preceding the terminal acquisition of brown adipocyte phenotype. Such cells could be massively recruited during the first days of cold exposure. These results reinforce the hypothesis of a recruitment of brown precursors in successive waves, previously described during rat cold exposure. 34 The higher expression of BUG transcript in interscapular BAT of obese compared to lean rats reveals a greater number of brown preadipocytes blocked in the BUG-expressing state. In this perspective, the deficiency of BAT in obese Zücker rats could be due to an arrest of brown precursor cells at this precise point of their evolution, before the initiation of the late differentiation program but after the commitment to the brown fat lineage. Thus, BUG function would allow an interpretation of the BAT inactivation in a genetic model of obesity.
Despite our great efforts, we failed to clone the entire cDNA and to definitively conclude about its putative function. Nevertheless, several points can be discussed. This transcript is not specific to brown fat and is highly expressed in heart and kidney. Similar profiles can be obtained with mitochondria transcript and could suggest a particular relationship between BUG and mitochondria. Nevertheless, the decline of BUG expression after cold exposure, during which mitochondriogenesis is strongly stimulated, does not agree with this. 17 No opened reading frame could be detected in more than half of cDNA length. This suggests that the sequence we obtained corresponds to a non-coding sequence. This last hypothesis could explain the lack of cross-hybridization with BUG probe in mouse.
In conclusion, BUG is a new marker which features strongly suggest an expression in brown preadipocytes. The cloning of BUG demonstrates at the molecular level, in vivo and in vitro, the independence of brown vs white adipocyte lineage as soon as the preadipocyte stage. This study also reveals the existence of a pool of committed brown preadipocytes, which recruitment is impaired in genetically obese animals. Despite the absence of BUG complete sequence, which is currently under investigation, its discovery is giving insight into the differentiation status of brown adipocyte precursors within BAT.
